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ABSTRACT 

A theoret ical  study, based on a neutral  atmosphere composed of 2s 

carbon dioxide and 98s molecular nitrogen, indicates  that the  Martian 

ionosphere would occur higher above the planet’s surface than does the  

t e r r e s t r i a l  ionosphere, but a t  about the same t o t a l  pressure. 

mum electron density for  overhead sun i s  about 2 x 106 cm3 a s  compared 

t o  about lo6 cm3 on earth. 

radio waves more strongly than the normal t e r r e s t r i a l  D region. 

The maxi- 

On Mars there may be layers  t h a t  absorb 
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A THEORETICAL STUDY OF THE MARTIAN IONOSPHERE 

by 

R. B,  Norton 

Introduction 

The possibility of rocket exploration of Mars necessitates the con- 

sideration of the ionosphere likely to be encountered on this planet. 

The design of communication systems and ionospheric sounding experiments 

requires a knowledge of ionospheric parameters. Furthermore, if suffi- 

cient data on the Martian ionosphere can be obtained then a comparison 

of this data with the theoretical model allows an evaluation of our the- 

ory. 

The construction of a model ionosphere requires knowledge of the 

neutral atmosphere, sources of ionization and the processes that control 

the motion and loss of the ionized gas. The following sections will dis- 

cuss each of these itans in turn. Then we will present a model iono- 

sphere and compare it with a typical model of the earth’s ionosphere. 

The numerical results are for overhead sun and a sunspot number of about 

50. However, we will discuss the effect of changing solar position and 

changing sunspot: number. Finally, we will discuss the effect: of changing 

the composition of the neutral atmosphere. 

Data - 
Almost all our knowledge of ‘the structure of the Martian ionosphere 

is the result of theoretical studies by Goody (1957) and Chamberlain 
/’ 
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(1961) . 
f igure 1). 

phere contains an appreciable amount of atomic oxygen, but t ha t  the  r a t i o  

O/G i s  smaller on Mars as compared t o  ear th  a t  a fixed 0 density. 

atomic oxygen on Mars and ear th  formed by photodissociation of CO, and 

02, r e spec t ive ly .  

with a peak density estimated t o  be about 5 x l O l a  cm3 occurring a t  

about 110 Ism. 

the  oxygen atoms obtained by the photodissociation of the  carbon dioxide. 

The surface gravi ty  of Mars and ear th  a r e  i n  the r a t i o  of 2.5. 

We w i l l  use the  atmospheric model developed by Chamberlain (see 

It should be noted i n  figure 1 tha t  t he  Martian upper atmos- 

The 

There is also a Martian layer of molecular oxygen 

This molecular oxygen i s  formed by the  recombination of 

As 

a r e su l t ,  even though the surface densit ies a r e  smaller on Mars, above 

about 30 Ian the  Martian densi t ies  exceed the t e r r e s t r i a l  dens i t ies  fo r  

a corresponding height. 

Ionization by so lar  X ray and u l t r a  v io l e t  radiat ion seems adequate 

t o  explain most of the ionization i n  the  t e r r e s t r i a l  ionosphere. 

t h i s  paper w e  w i l l  consider the  solar EX flux data of Hinteregger (1961) 

and Kreplin (1961) extrapolated t o  the distance of Mars. 

ionizat ion i s  important then our photoionization r a t e s  w i l l  be lower 

l i m i t s  . 

I n  

If p a r t i c l e  

The sOlar fluxes have been grouped i n t o  several  categories accord- 

With these data and ing t o  ionization cross sections and eff ic iencies .  

t he  model atmosphere given i n  f igure 1 the Martian photoionization r a t e s  

of 0 and N2 have been computed and a r e  presented i n  f igu re  2. 

r a t e  f o r  0, is estimated t o  be about 600 ano3 sec 

The peak 

-1 . 
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Theory 

Recombination loss of electrons i s  an important process t h a t  must 

be considered i n  any ionospheric theory. The two main loss processes 

are; 

xy+ + e x + y dissociat ive recombination (1-1 
xy+ + e + xy + hv rad ia t ive  recombination. (2) 

It i s  important t o  r ea l i ze  t h a t  dissociat€ve recombination is much fas- 

t e r  than rad ia t ive  combination, the  r a t e  coeff ic ients  being 10." - loe9 
cm3 sec-' and about 10-l' cm3 sec-l respectively. The atomic ions re- 

'combine rad ia t ive ly  unless they can undergo reactions such a s  the  follow- 

ing: : 

atom-ion exchange ( 3 )  

(4) 

The exchange coeff ic ients  a r e  usually of the  order of l O C l 0  - loo1' cm 3 

-. + x + yz xy+ + z 

+ + 
x + y z + y z  + x  charge exchange, 

followed by dissociat ive recmbination of the  resu l t ing  molecular ion. 

-1 sec . The sequence of an exchange reaction and dissociat ive recomblna- 

t i on  i s  of ten much f a s t e r  than radiat ive recombination. 

According t o  current theories of the  t e r r e s t r i a l  ionosphere the ions 

undergo the  following reactions: 

0 + $ 0 2  - o 2 + + 0  

+ + 0 + N z + N O  + N  

+ 
02 t. 

&+ t 

However, the  above reactions a r e  

e - . O + O  

e + N + N  

( 9 )  e ' N 3 - 0  

not adequate i n  tha t  react ion (8) will 
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not reduce the  density of &+ t o  observed values [Lyt le  and Hunten, 1962; 

Norton e t  a l ,  19631. We w i l l  therefore include the  reaction: 

&+ + 0 + NOf 4- N. ( lo> 
It must be pointed out that: this reaction is not accepted by a l l  aeron- 

omists. 

Model Ionosphere 

The Martian 

w i l l  assume t h a t  

+ + 
ionosphere w i l l  also contain CO and C& . However, w e  

these ions a r e  l o s t  by dissociat ive recombination and 
+ + 

assume by analogy with 0, and NO [Kasner, 1961; Doering and Mahan, 

19623 t h a t  the  r a t e  coeff ic ients  a r e  of the  order of loo7 cm3 sec . -1 

Thus, s ince the  density of CO and CO, i s  small compared t o  these two 

ions w i l l  contribute very l i t t l e  t o  the t o t a l  ion content and w i l l  not 

be  considered any further.  

+ The ion N has been detected i n  the  ear th 's  ionosphere and contr i -  

butes about 5% of the ions near the  peak of the F2 layer [Mirtov, 19621. 
+ 

It could be  argued tha t  i n  the Martian atmosphere the  formation of N 

would be a t  l e a s t  comparable. On the other hand the  loss  of N i s  l i ke ly  
4- 

t o  involve an exchange reaction wi th  0 and 0, and therefore  the  r a t e  of 

loss of t h i s  ion i s  l ike ly  t o  be smaller on Mars with the model atmos- 

phere chosen. on Mars. 
+ The net r e s u l t  would be  a higher density of N 

However, considering the  paucity of information concerning atomic n i t ro-  

gen even i n  the ear th 's  atmosphere, w e  w i l l ,  with same reluctarice, ignore 

t h i s  i on  i n  the  remainder of t he  paper. 

I n  t h i s  paper w e  w i l l  not consider the ionizat ion of t he  l i gh t  atoms 
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hydrogen and he1i -a  vhich a r e  important i n  the t e r r e s t r i a l  ionosphere 

only w e l l  above the  peak electron density. 

e r  Martian gravity these atoms may be less p l en t i fu l  on Mars. 

I n  f ac t ,  because of the low- 

Neither w i l l  w e  consider the  ionization of minor const i tuents  such 

a s  NO which, according t o  Nicolet and a k i n  (19609, contributes a major 

par t  of t he  normal t e r r e s t r i a l  D region, a region of low electron den- 

s i t y  below the E region (see f igure 3) .  However, i t  should be  pointed 

out t ha t  the  X rays and cosmic rays which contr ibute  t o  the  lower ter- 

r e s t r i a l  D region may r e su l t  i n  higher e lectron densi t ies  on Mars. Such 

layers  strongly absorb radio waves and can severely hinder radio c m u n -  

ica t ion ,  especial ly  during so lar  f l a r e s  when the so l a r  X-ray f lux i s  

greatly increased. 

The argument fo r  such an enhancement of e lectron density i s  based 

0; ' * current D region theory i n  which an important loss of electrons 

i s  attachment t o  0, t o  form 0, . On Mars, a t  the  pressures a t  which the  

relevant X rays a r e  absorbed, the density of 0, is  neglible according t o  

the  model atmosphere i n  f igure 1. However, there  i s  the poss ib i l i t y  of 

forming some minor consti tuent which would serve the  same r o l e  a s  02. 

.. 

The electron layer formed by the ionizat ion of 0, by so lar  radia- 

t ion  between 912-1030A r e su l t s  i n  the combination of f a i r l y  high elec- 

t ron density with high neutral  density which impl ies  a high electron- 

neut ra l  co l l i s ion  frequency (see the ledge below the Martian E layer i n  

f igu re  3) .  

absorbing than the t e r r e s t r i a l  D region. It should be noted t h a t  t h i s  

layer  would be  a permanent daytime f i x t u r e  while the  so la r  f l a r e  layer 

Such a layer absorbs radio waves and may be mre strongly 
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mentioned above i s  a t rans ien t  phenomenon. 

The continuity equation fo r  the various ions i n  the E and F1 regions 

have been solved fo r  the  photochemical equilibrium ion density and elec- 

t ron density. 

f i l e  i n  f igure  3. 

height on Mars and have a lower density. 

The electron density is compared with a t e r r e s t r i a l  pro- 

I n  general corresponding ledges occur at a higher 

Photochemical equilibrium is  not always appropriate; fo r  example, 

a t  some height diffusion of the  ionized gas will become important. The 

height a t  which t h i s  occurs can be found by comparing the  times of dif-  

fusion and recombination. 

equal diffusion w i l l  be the controlling process and below this height 

Above the height where these times a r e  about 

recombination and photoionization w i l l  be the  control l ing processes. 

The t e r r e s t r i a l  F2 peak does not correspond t o  a peak of photoioni- 

zation, but occurs because the loss r a t e  decreases with height f a s t e r  

than the  production ra te .  Diffusion tends t o  reduce the  height a t  which 

the  peak occurs. Since the Martian and t e r r e s t r i a l  ionospheres a r e  simi- 

l a r  w e  may w e l l  suspect t ha t  there  W i l l  be a Martian F2 layer. The 

height and magnitude of such a layer can be estimated by using the  scal-  

ing laws presented by Rishbeth and Barron (1960). 

s t a t e  t h a t  the diffusion and recombination times a r e  comparable a t  the  

These scal ing laws 

peak and t h a t  the  peak electron density I s  about equal t o  the photochani- 

c a l  equilibrium density. The Martian peak labeled F2 i n  f igure  3 was es- 

t ina ted  using these scaling laws. A t  t h i s  peak the N2 and 0 dens i t ies  

a r e  comparable; however, 0 

It was assumed that above the  peak the electron density-was d is t r ibu ted  

+ + 
+ 

should become the  dominant ion above the  peak. 



according t o  diffusive equilibrium with the  atomic oxygen ion. 

The diurnal and seasonal variation of t he  Martian layers Will i n  

general be s imilar  t o  the corresponding t e r r e s t r i a l  layers. 

var ia t ion of the  E and F1 layers wlll be proportional t o  cosmx. 

x i s  the  so la r  zeni th  angle and m i s  a number i n  the  v i c in i ty  of 0.25 - 
0.35. 

of magnitude less than during the  day. 

layer w i l l  a l so  depend on cosmx, but the  seasonal var ia t ion may depend 

on changes i n  the  neutral  atmosphere. 

The daytime 

Where 

The electron densi t ies  a t  n i g h t  Will be a t  l e a s t  one t o  two orders 

+ The diurnal var ia t ion  of the 0, 

The var ia t ions of the t e r r e s t r i a l  F2 layer a r e  not simple and not 

w e l l  understood. However, i f  we suppose t h a t  the  behavior of the F2 lay- 

er i s  similar on these two planets then the Martian F2 densi t ies  w i l l  de- 

crease by a factor  of about 10 f r o m  day t o  night  and the  peak F2 density 

w i l l  be greater  i n  winter than i n  summer. 

There w i l l  be an annual variation i n  the  Martian ionosphere due t o  

the  varying Mars-sun distance. 

tances a r e  2.49 x lo8 km and 2.07 x lo8 km respectively, the  r a t i o  of 

the  ionizing so lar  f lux a t  these two points w i l l  be 1.45. 

ponding r a t i o  fo r  e a r t h ' i s  1.06. 

Since the aphelion and perihelion d i s -  

The corres- 

To a good approximation the  average values of maximUm dens i t ies  of 

the  t e r r e s t r i a l  layers follow solar ac t iv i ty .  Thus f o r  Zurich sunspot 

numbers 0, 50 and 150 the E and F1 layer maximum densi t ies  are i n  the  

r a t i o  1:1.2:1.7 and 1:1.2:1.6 respectively. One would expect essent ia l ly  

the  same r a t i o s  fo r  the corresponding Martian layers. The r a t io s  for the  

terrestrial F2 layer a r e  1:1.7:4, but because of the complex nature of 
, 



this layer these values cannot be simply adapted t o  the Martian F2. 

similar  e f fec t  should occur on Mars. 

A 

Tha t e r r e s t r i a l  magnetic f i e l d  affects  the l a t i t ud ina l  var ia t ion 

of the  F2 electron densit ies.  I n  par t icular  there  i s  a b e l t  a t  10 - 20' 
geomagnetic la t i tude ,  pa ra l l e l  t o  the geomagnetic equator where peak 

dens i t ies  a r e  enhanced by about a factor of 2. I f  Mars has a magnetic 

f i e l d  s imilar  e f fec ts  a r e  l i ke ly  t o  occur. 

D~ScusSiOn 

In  the previous sections w e  were ab le  t o  construct a model Martian 

ionosphere by assuming a model atmosphere, using observed so lar  f luxes,  

and considering the  recombination processes thought t o  be operative i n  

the  t e r r e s t r i a l  ionosphere. The Martian and terrestrial ionospheres 

a r e  s imilar ,  the  main differences being the smaller peak density and 

greater  heights on Mars (see f igure  3). The Martian peak density cor- 

responds t o  the F1 layer ra ther  than the F2 layer a s  on earth. The lay- 

er corresponding t o  ionizat ion of 0, occurs a t  a higher t o t a l  pressure 

leve l  on Mars and thus may strongly absorb radio waves. On t he  other 

hand the  layers corresponding t o  ionization by X rays and cosmic rays 

occur where 0, density i s  small and thus the electron density may be 

grea te r  than i t  would be on earth.  Again these layers would strongly 

3. + 
absorb radio waves. The ions CO and COZ would exist i n  the  Martian 

ionosphere, but would contribute only a small f rac t ion  of the t o t a l  ion 

density. could contribute s ign i f icant ly  t o  the  ion density, + 
The ion N 

' but was not considered i n  this paper because of lack of data. 
I' 
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Finally,  w e  should c m e n t  t ha t  the  model ionosphere developed de- 

pends on the model atmosphere assumed. 

of c%/& were s igni f icant ly  la rger  than assumed i n  this paper then: (a) 

the  r a t i o  of O/Nz would be larger i n  the upper attnosphere and the  F2 den- 

s i t y  would be more dense, (b) CO might contribute Signif icant ly  t o  the 

lower ionospheric ion density, and (c) O2 would be formed a t  a lower to- 

' t a l  pressure and thus the %+ layer would not strongly absorb radio waves. 

If  the  Martian atmospheric r a t i o  

+ 
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Capticns 

Figure 1. 

Figure 2. 

Figure 3. 

Neutral density versus height for earth and Mars 

Rate of photoionization f o r  0 and Na versus height for Mars 

Electron density versus height f o r  earth and Mars 
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